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Abstract
The impact parameter and rapidity dependence of the Cronin effect for massless pions in d + Au reactions at √sNN =
200 GeV at RHIC is computed in the framework of pQCD multiple elastic scattering on a nuclear target. We introduce a
formalism to incorporate initial state energy loss in perturbative calculations and take into account the elastic energy loss in
addition to the transverse momentum broadening of partons. We argue that the centrality dependence of the Cronin effect
can distinguish between different hadron production scenarios at RHIC. Its magnitude and rapidity dependence are shown
to carry important experimental information about the properties of cold nuclear matter up to the moderate- and large-x
antishadowing/EMC regions.
 2003 Published by Elsevier Science B.V.
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Open access under CC BY license.1. Introduction
The discovery of jet quenching [1,2] at RHIC
and its derivative signatures—the high-pT azimuthal
asymmetry [3] and the disappearance of back-to-back
correlations [4]—are among the most direct evidence
for the creation of dense QCD matter in nucleus–
nucleus collisions. Recent theoretical work [5,6] has
provided successful qualitative and quantitative expla-
nation of the experimental data via the techniques of
perturbative QCD with strong partonic final state inter-
actions leading to non-Abelian energy loss and related
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Open access under CCmodifications to the fragmentation functions [7–10].
The important question of the global pT and
√
s sys-
tematics of the nuclear modification factors RBA(pT )
in p + A and A + A reactions has also been ad-
dressed [5].
Alternative mechanisms related to hadronic rescat-
tering/absorption, initial state wave-function effects,
and coherent nucleon scattering have been suggested
[11] as possible explanations of the observed high-pT
hadron deficit. This Letter extends the discussion of
[5] in light of the upcoming d + Au data and demon-
strates how the centrality dependence of the nuclear
modification factor can distinguish between contrast-
ing physical pictures. We emphasize the need for com-
parison between data and theory at moderate and high BY license.
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sults [12] at the level the inclusive dNch/dy .
The importance of the d + Au measurements at
RHIC, however, reaches far beyond testing the validity
of the perturbative baseline for jet quenching calcula-
tions. In the transverse momentum 2 pT  10 GeV
and rapidity −3  y  +3 intervals considered here
the measured hadrons retain a memory of the nuclear
modifications [13] to the parton distribution functions
(PDFs) in the 10−3  x  1 range. We find that in the
small-x region of the nucleus the multiple elastic scat-
terings of the incoming partons completely dominate
over nuclear shadowing. For large nuclear x-values
the EMC effect and the initial state energy loss may
lead to moderate (20–30%) suppression relative to the
binary collision scaled p + p result over a wide pT
range. The detailed transverse momentum dependence
of the nuclear modification ratio may provide valuable
complementary information about the gluon antishad-
owing/EMC region, which is not well constrained by
data. In fact, the x-dependence in the gluon shadow-
ing function Sg/A(x,Q2) may be significantly weaker
than currently anticipated.
2. Scaling of hadron spectra in d +Au reactions
The Cronin effect [14] is defined as the deviation
of the total invariant hadron cross section in p + A
reactions from the binary collision scaled p + p re-
sult. For the more general case of B +A reactions the
scaling factor is given by B ·A. The original parame-
trization of dynamical nuclear effects via the Cronin
power α(pT ) relates to the nuclear modification ratio
RBA(pT ) as follows: RpA(pT )=Aα(pT )−1. The same
relation (without additional factors of 2 since the par-
tons from the nucleus do not scatter significantly on
the deuteron) can also be used to extract a total inclu-
sive αdAu(pT ) and a centrality dependent αdAu(pT , b)
from
RdAu(pT )
(1)=


dσdAu
dy d2pT
/
Ad ·AAu dσpp
dy d2pT
,
total invariant cross section, d +Au,
dNdAu(b)
dy d2pT
/
TdAu(b) dσ
pp
dy d2pT
,
about impact parameter b, d +Au.In Eq. (1) TdAu(b)=
∫
d2rTd(r)TAu(b−r) in terms of
the nuclear thickness functions TA(b)=
∫
dzρA(b, z)
and the scaling factors are computed according to
the Glauber model [15]. It is important to note that
both enhancement (pT  1.5–2 GeV) and suppression
(pT  1–1.5 GeV) are an integral part of the Cronin
effect. Experimentally [14], at pT = 0.77 GeV α(pT )
is below one, leading to a factor ∼ 2 suppression.
However, the deviation of α(pT ) from unity is reduced
with increasing
√
s and decreasing xT = 2pT /√s—a
trend exactly opposite to the expectation from strong
shadowing and/or gluon saturation. The pT positions
of the Cronin peak RpA max and intercept RpA = 1 are
also stable, i.e., they are strongly xT -dependent.
The lowest order pQCD differential cross section
for inclusive A + B → h + X production that enters
Eq. (1) is given by [5,16]
1
Ad ·AAu
dσdAu
dy d2pT
1
TdAu(b)
dNdAu(b)
dy d2pT


=K
∑
abcd
∫
dxa dxb
∫
d2ka d2kb ⊗ g(ka)g(kb)
⊗ Sd
(
xa,Q
2
a
)
SAu
(
xb,Q
2
b
)
⊗ fa/d
(
xa,Q
2
a
)
fb/Au
(
xb,Q
2
b
)⊗ dσab→cd
dtˆ
(2)⊗ Dh/c(zc,Q
2
c)
πzc
,
where we have used the same sets of lowest order (LO)
PDFs, fragmentation functions (FFs), and shadowing
functions [17] as in [5]. In Eq. (2) the renormalization,
factorization, and fragmentation scales are chosen to
be µ=Qa,b =Qc = pT .
The KT -broadening function in (2) approximates
generalized parton distributions:
fa/p
(
kT ;xa,Q2a
) g(kT )⊗ fa/p(xa,Q2a),
(3)g(kT )= 1
π〈k2T 〉pp
exp
(
− k
2
T
〈k2T 〉pp
)
.
For illustration we include a discussion of parton
broadening relative to the axis of propagation in the
framework of the leading double log approximation
(LDLA). The kT probability distribution resulting
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1
σ0
dσ
dk2T
∣∣∣∣
LDLA
=−2CRαs
2π
1
k2T
log
k2T
Q2
(4)× exp
(
−CRαs
2π
log2
k2T
Q2
)
with mean broadening 〈k2T 〉pp = CRαs/π(1 +
O(αs ))Q2. CR = {CF ,CA} is the SU(3) Casimir in
the corresponding fundamental or adjoint representa-
tion. Despite the strong momentum ordering approxi-
mation [18], which gives an unrealistic null probability
for retaining the original jet direction, Eq. (4) qualita-
tively describes many the jet physics features. For ex-
ample, with 12θm =
√
〈k2T 〉pp/Q2 
√
CRαs/π being
the estimate for the half-width of the jet cone a slow
logarithmic narrowing with ET is predicted. Similarly,
to lowest order the cone of a gluon initiated jet is found
to be 50% wider (
√
CA/CF ) than the cone of a quark
jet.
In this Letter we go beyond the
√
s-independent
description of the radiative and elastic broadening and
take into account the initial parton subprocesses for
produced hadrons. An increased contribution of hard
gluon scattering results in an enhanced
(5)〈k2T 〉pp = (CFFhq (√s, Q)+CAFhg (√s, Q))C2.
In Eq. (5) Fhq (
√
s, Q),Fhg (
√
s, Q) = 1 − Fhq (
√
s, Q)
are the fractions of hadrons coming from the hard scat-
tering of valance quarks and gluons/sea quarks. With
sea quarks we associate the Casimir of their gluon par-
ent (g→ q¯q). For hadrons with pT = Q  2–3 GeV
where the kT -smearing is reflected, the fraction com-
ing from valence quarks is computed from collinear
factorized pQCD and given in Table 1. The corre-
Table 1
The fractional contribution of valance quark hard scattering to
hadron production at y = 0, Q = pT  2.5 GeV versus √s . The
vacuum radiation induced parton broadening computed from Eq. (5)
and its variation ∆(
√
s ) relative to the
√
s = 27.4 GeV reference are
also shown
√
s [GeV] 19.4 27.4 38.8 200
Fhq (
√
s ) 0.220 0.150 0.096 0.015〈
k2T
〉
pp
[GeV] 1.700 1.775 1.835 1.920
∆(
√
s ) 0.958 1.000 1.034 1.082sponding 〈k2T 〉pp is found form Eq. (5) where C2 =
0.646 GeV2 has been fixed through comparison to the√
s = 27.4 GeV data [14] on 12 (π+ + π−) production
p + p. ∆(√s) = 〈k2T (
√
s)〉pp/〈k2T (27.4 GeV)〉pp in
Table 1 directly reflects the variation with
√
s of the
effective mean color charge of ∼ few GeV projectile
partons relative to the
√
s = 27.4 GeV case.
We have checked that the energy and transverse
momentum dependence of inclusive hadron produc-
tion cross sections is well described with the computed
values of 〈k2T 〉pp which exhibit a small < 10% varia-
tion about 〈k2T 〉pp = 1.8 GeV2 used in [5].
3. Implementation of initial state energy loss
While there are indications that the effect of ini-
tial state gluon bremsstrahlung may be small [19] the
elastic energy loss of propagating hard probes in cold
nuclear matter has not been considered before. Dis-
cussion of QCD scattering in nuclear targets can be
found in [20]. In both frameworks of the Qiu–Sterman
approach and the Gyulassy–Levai–Vitev reaction op-
erator approach the longitudinal correction that corre-
sponds to the transverse momentum broadening can
be expressed through the momentum shift operators
e
−qi||∂k||
. The initial parton flux d3Ni(k||,k⊥) flux
is propagated to the hard collision vertex according
to [21]:
d3Nf (k||,k⊥)
dk|| d2k⊥
=
∞∑
n=0
χn
n!
∫ n∏
i=1
d2qi⊥
×
[
1
σel
dσel
d2qi⊥
(
e−qi⊥· ∇k⊥ ⊗ e−qi||∂k|| − 1)
]
(6)× d
3Ni(k||,k⊥)
dk|| d2k⊥
.
From the twist expansion point of view the series
Eq. (6) includes the dominant part of all-twist T =
2+ 2n contributions 〈q(2nFF)q〉, 〈F(2nFF)F 〉. Ex-
plicit resummation technique for (6) was first given
in [20]. The interpretation of our result is simple: it
folds the Poisson distribution of multiple elastic scat-
terings with mean opacity χ = 〈L〉/λ = n¯, which de-
pends on the quark/gluon composition of the target
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deflection per hit given by the normalized elastic scat-
tering cross section (1/σel) dσel/d2qi⊥. For proton–
nucleus collisions using a sharp sphere approximation
(TA(b)= 3A
√
R2A − b2/(2πR3A)) and assuming equal
scattering probability along the incident parton trajec-
tory
(7)〈L〉 =
∫
d2b
√
R2A − b2 TA(b)∫
d2bTA(b)
= 3
4
RA,
where we take RA = 1.2A1/3 fm for the nuclear
radius. One of the important consequences [21] of
Eq. (6) is the longitudinal momentum backward shift
(8)−∆k|| = µ2χξ 12k||
that couples to the mean k⊥-broadening 〈∆k2⊥〉pA =
µ2χξ . For the Gaussian approximation to multiple
elastic scatterings, ξ = const = O(1). Beyond this
analytically convenient ansatz the power law tails of
the distribution of the scattered partons, resulting from
harder fluctuations along the projectile path, lead to a
logarithmic enhancement of the mean k⊥-broadening.
This result is the analogue of the corrections to the
Moliere multiple collision series in QED. We use ξ =
ln(1+ c˜p2⊥) as in Ref. [5] with c˜ 0.14 GeV−2.
To implement initial state elastic and radiative en-
ergy loss we focus on the large Q2  p2T partonic sub-
process ab→ cd , ka , kb being the initial momenta in-
volved in the hard part dσab→cd/dt of Eq. (2). If a,
b have lost fractions 3α , α = a, b of their longitudi-
nal momenta according to a probability distributions
Pα(3), at asymptotic t =−∞
k˜α = 11− 3α kα,
fα/p
(
xα,Q
2)
→
∫
d3α Pα(3α)fα/p
(
x˜α = x1− 3α ,Q
2
)
(9)× θ(x˜α  1).
Eq. (9) provides a simple modification to the factor-
ized pQCD hadron production formalism. For brems-
strahlung processes Pα(3) are sensitive to multiple
gluon emission [9]. For the simpler case of mean en-
ergy loss P(3)= δ(3 − 〈∆k0〉/k0). More specifically,for the small elastic longitudinal shift that we consider
here
Pα(3)= δ
(
3 − µ
2χαξ
2k2α||
)
,
fα/p
(
xα,Q
2)
(10)→ fα/p
(
xα + µ
2χαξ
xα
2
s
,Q2
)
θ(x˜α  1).
The observable effect of Eqs. (9), (10) can be very
different for valence quarks, sea quarks, and gluons
due to the different x-dependence of the PDFs.
Two fits to the
√
s = 27.4, 38.8 GeV p + W/p +
Be data are given in Fig. 1. In the first case we
use the EKS’98 shadowing function Sa/A(xα,Q2) to
model the antishadowing/EMC modification of the
nuclear target. The changing quark/gluon projectile
composition, reflected in its
√
s-dependent average
color charge, enters the opacity through the elastic
scattering cross section:
χ(
√
s )= σelρ〈L〉
(11)∝ (CFFhq (√s, Q)+CAFhg (√s, Q))CT ,
i.e., in a way analogous to Eq. (5). In Eq. (11) CT
is the mean color charge of the target. The varia-
tion of the opacity with the center of mass energy
can thus be inferred from Table 1 and is given by
χ(
√
s ) = ∆(√s )χ(27.4 GeV) for fixed CT . While
quark antishadowing/EMC effect are constrained by
data, the modifications to the gluon PDFs are quite
uncertain. In the second calculation we do not in-
clude nuclear shadowing. Instead, in Eq. (11) we also
take a changing average color charge for the target:
CT (
√
s )= (CFFhq (
√
s, Q)+ CAFhg (
√
s, Q)). In this
case the variation of the effective opacity with
√
s is
given by χ(
√
s )=∆2(√s )χ(27.4 GeV). Both calcu-
lations include initial state mean elastic energy loss.
With the definition of 〈L〉 given in Eq. (7) the trans-
port coefficients of cold nuclear matter are fixed to
µ2/λq ≈ 0.06 GeV2/fm, µ2/λg = (CA/CF )µ2/λq ≈
0.14 GeV2/fm. The modest ∼ 20% increase relative
to previous estimates (µ2/λq  0.05 GeV2/fm [5])
compensates for the longitudinal backward momen-
tum shift, Eq. (8), and provides comparable reproduc-
tion of existing low energy p +A results. This can be
seen by comparing the top panel of Fig. 1 to Fig. 1
from Ref. [5]. The bottom panel of Fig. 1 seems to
40 I. Vitev / Physics Letters B 562 (2003) 36–44Fig. 1. The ratio of A-scaled p+W/p+Be data on π+, π− production at √s = 27.4, 38.8 GeV from [14]. Calculations are for 12 (π++π−):
top/bottom panel include/do not include antishadowing/EMC effect as described in the text. The anticipated
√
s = 200 GeV p + W/p + Be
ratio is shown to illustrate the energy dependence of the Cronin effect.show better agreement between data and theory in
terms of improved reproduction of the Cronin peak
and separation of the nuclear modification ratios ver-
sus
√
s at high pT . We continue to explore both possi-
bilities but the calculations without strong antishadow-
ing/EMC effect are also expected to give better results
at RHIC energies.
The systematic reduction of the Cronin enhance-
ment/suppression with increasing
√
s has its natural
explanation in the picture of multiple elastic scattering
on a nuclear target [20] (see Fig. 1). With the opacity χ
changing only slightly with
√
s the dominant effect be-
comes the significant hardening of the hadronic spec-
tra as predicted by perturbative QCD. This reduces the
observable consequences of otherwise identical trans-
verse momentum kicks.
We have also checked that the flavor dependence
of the Cronin effect—the larger enhancement/suppres-
sion for kaons (and also protons)—cannot be repro-duced within the accuracy of the calculation. Studies
have so far been focused on the baryon enhancement
puzzle [22] but the results are inconclusive. We note
that improved perturbative techniques are necessary to
address the Cronin effect for massive hadrons and ex-
tend the calculations to the pT  2 GeV region.
4. Impact parameter and rapidity dependence of
the Cronin effect
The
√
s = 200 GeV results for the Cronin effect in
d + Au reactions at midrapidity are shown in Fig. 2.
At y = 0 for the corresponding 2×10−2  xT  10−1
values the shadowing region of Sa/A(x,Q2) is never
reached. However, the relative contribution of anti-
shadowing is seen to be large for pT  3 GeV. We find
that without significant x-dependent modification of
the nuclear target (i.e., the case that gives better agree-
I. Vitev / Physics Letters B 562 (2003) 36–44 41Fig. 2. The Cronin effect, represented by the nuclear modification ratio RdAu(pT ), for 12 (π
+ + π−) is shown for the total invariant cross
section and impact parameters b= 0,6 fm.ment with existing data from Fig. 1) the Cronin en-
hancement reaches 1.2 with peak position (RdAu max)
in the pT  3–4 GeV range, a 30% drop relative
to the strong gluon antishadowing scenario. In going
from central (b = 0 fm) to peripheral (b = 6 fm) re-
actions the magnitude of the Cronin effect is reduced
by a factor ∼ 2.5. The main uncertainty in comput-
ing RdA(pT ) for peripheral reactions comes from the
large deuteron radius, leading to a distribution in im-
pact parameter of its partonic constituents. The corre-
sponding spread in opacity χ =
√
R2A − b2/λ grows
with increasing b and using the average value χ(b) in
Eqs. (6), (8) may not be a good approximation.Midrapidity measurements accessible to all ex-
periments, especially for central reactions, are the
prime candidate that can distinguish between differ-
ent hadron production scenarios. Glauber model cal-
culations [15] that account for the large deuteron ra-
dius show a factor ∼ 2 difference between Nbin and
Npart/2 (not Npart!), the two possible scalings relative
to p + p, over a wide range of impact parameters.
Participant scaling at moderate and high pT (up to
pT = 8–10 GeV as discussed in [11]) will correspond
to RdAu(pT )  0.5 as shown in Fig. 3. The gluon
saturation model suggests RdAu(pT )=√RAu Au(pT ),
i.e., it will in fact lead to the same conclusion since
42 I. Vitev / Physics Letters B 562 (2003) 36–44Fig. 3. Illustration of the difference between the computed small ∼ 5–10% Cronin enhancement at pT  5 GeV in central reactions and the
argued [11] factor of 30–50% suppression. The estimated √RAA(pT ) for 12 (h+ + h−) and π0 from preliminary STAR and PHENIX data [1]
and the Npart/2 scaling for b= 0,6 fm are shown.the suppression in Au + Au reactions is 3–5 fold.
This is demonstrated in Fig. 3 through the estimated√
RAu Au(pT ) for inclusive charged hadrons and neu-
tral pions from preliminary STAR and PHENIX data
[1]. We emphasize that the pT dependence of the nu-
clear modification ratio in d +Au is different as well.
Final state hadron absorption mechanisms [11] are
also expected to result in suppression in d+Au, albeit
smaller and difficult to quantify analytically. In con-
trast, the calculations in Figs. 2 and 3 show small en-
hancement in the specified pT range even with initial
state elastic energy loss. Predictions that have quanti-
tatively addressed the y = 0, pT  2 GeV Cronin ef-
fect at RHIC from the standpoint of perturbative QCD
and multiple elastic scatterings give similar results [5,
16]. Experimental measurements in d + Au will en-
able a critical test to differentiate between competing
interpretations of Au+Au data.
Fig. 4 shows the predicted Cronin effect at forward
(y = +3) and backward (y = −3) rapidities near
the edge of BRAHMS acceptance. In the followingcalculations the direction of the deuteron beam is
chosen to be positive. At forward rapidity, which
probes the small-x region of the nucleus, the effect
of shadowing is very small. Similarly, turning off
elastic energy loss does not significantly change the
shape and magnitude of RdAu(pT ). Relative to y = 0,
both the peak and intercept (RdAu = 1) positions are
shifted to slightly higher transverse momenta. The
most distinct prediction at y =+3 is the significantly
flatter Cronin enhancement region that extends to high
pT . At forward/backward rapidities hadron spectra
are much steeper than at y = 0. This explains the
markedly broader range where the effect of transverse
momentum kicks is observed.
At backward y = −3 rapidity, shown at the bot-
tom panel of Fig. 4, there is no Cronin enhancement
since the partons from the nucleus do not scatter mul-
tiply on the deuteron. However, in the pT range shown
data probes the large x  0.4 nuclear modification
Sa/A(x,Q
2) and may provide complementary infor-
mation about the EMC effect. The backward rapid-
I. Vitev / Physics Letters B 562 (2003) 36–44 43Fig. 4. Rapidity dependence of the Cronin effect in d +Au reactions at √sNN = 200 GeV with and without antishadowing/EMC effect. The
result of switching off elastic energy loss is also shown via the upper bands for y =±3.ity region is also more sensitive to initial state en-
ergy loss. Switching it off changes RdAu(pT ) from
moderate ∼ 25% suppression to an almost perfect
binary collision scaling (RdAu(pT )  1) for pT 
3 GeV.
5. Conclusions
In this Letter we have derived a technique of in-
corporating initial state parton energy loss in perturba-
tive calculations. Midrapidity moderate- and high-pT
hadron spectra show little or no sensitivity to this ef-
fect since the longitudinal momentum backward shifts
can be compensated by a small increase in the esti-mated cold nuclear transport coefficients to obtain an
equally good description of existing p + A data. De-
tecting initial state energy loss may be easier in the
small-x region of the deuteron where the steepening
of the parton distribution functions would tend to am-
plify the effect.
In this Letter we have given predictions for the cen-
trality and rapidity dependence, see Figs. 2 and 4, of
the moderate and high transverse momentum (pT 
2 GeV) Cronin effect in d + Au reactions at RHIC.
They follow the systematic approach to the compu-
tation of the nuclear modification factors outlined in
Ref. [5]. At midrapidity we find a small ∼ 20–30%
Cronin enhancement that decreases in going from cen-
tral to peripheral reactions and at high pT . Forward
44 I. Vitev / Physics Letters B 562 (2003) 36–44and backward (y =±3) rapidity regions are predicted
to have markedly different RdA(pT ). Upcoming cen-
tral d + Au data will provide a decisive test to distin-
guish between suppression and enhancement dynami-
cal models [5,11,16], see Fig. 3, of initial state effects
in nuclear collisions.
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